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(54) Integrated ceramic micro-chemical plant 

(57) An integrated mIcrD-ceramic chemical plant 
having a unitary ceramic body formed from multiple ce- 
ramic layers In the green state which are sintered to- 
gether including the unitary ceramic body defining a mix- 
ing chamber and passage means for providing commu- 
nication with the mixing chamber so that two or more 
fluids may be delivered to such mixing chamt}er for mix- 
ing or reacting chemicals in the flukis; and the unitary 
ceramic body including means for delivering the mixed 
chemicals to exit from the unitary ceramic body. 
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Dadcrlption 

The present inventron relates to an integrated ce- 
ramic micro<hemical plant which can be used to ntix. 
react or analyze chemicate. 5 

Micro-^ineering is a rapidly growing field which 
will impact on many applications over the coming years. 
Three^imensionat nr^tcro-engineered devices and sys- 
tems involving silicon planar technology can be pro- 
duced with features from one to a few hundred microns to 
having tolerances in nnicron er as small as submicron 
level Most of the current mtcro-engtneering technolo- 
gies are evolved from the adaptation of thin films, pho- 
tolithographic and etching technologies generally ap- 
plied to silicon wafers on which silicon mono oxide, sil- 
icon dioxide, silicon nitride and the like thin films are de- 
posited and etched thereafter yielding planar configura- 
tions 

Advances have been made to study chemical proc- 
esses based on microfluidic systems technology using 20 
planar structures on silicon chips. Predictive flow mod- 
eling has also been developed to realize the benefits 
from the microfluidic technology. 

The performance of chemical processing is strictly 
governed by the mass transport and sometimes thermal ^ 
transport properties of the system. It is therefore essen- 
tial to understand how miniaturization affect the chemi- 
cal processes. Lamiriarflowof an ideal fluid in a tube or 
channel is well characterized. Rahler et al have dem- 
onstrated in an experiment using channels of various ^0 
geometry on silicon wafers that there is an agreement 
between experiment and theory concluding that the con- 
ventional Hagen-Poiseuille equation is obeyed down to 
a scale of few microns. Laminar volume flow per unit 
time, Qf. of an ideal fluid in a circular pipe is descn'bed ^ 
by the Hagen-Poiseuille equation: 

40 

where and r are the fluid viscosity and tube radius 
respectively. dP/dX is the pressure gradient along the 
x-direction of flow. 

As the channel widths are reduced, the fluid flow 
becornes more laminar which provides control over the 4S 
distribution of material and that dictates that liquid mix- 
ing be achieved by diffusion or other molecular migra- 
tion processes rather than by turi>ulence. This problem 
of mixing can be solved by conrunercially available soft- 
ware packages on computational fluid dynamics. A so 
measure of degree of mbdng, R can be estimated from . 
the expression F = Dt^, where 0 is a reactant diffusion 
constant, t is contact time allowed lor mixing and I is 
distance across a reactant stream. Quantitatively, mix- 
ing may be defined as substantial to nearly complete for 
F values from 0.1 to 1 . Typical near complete mixing of 
two liquids in 1 second corresponds to channel WKtths 
of 100 ^m. 



Similar arguments apply to heat trartsfer in micro- 
channels under laminar flow conditions. Understanding 
of this laminar heat flow process is useful in designing 
and building nrricro heat exchangers and chemical nru- 
cro-reactors. 

The current planar silicon technologies are riade- 
quate for the fabricaticm of an integrated and self-con- 
tained micro-chemical plants fiaving embedded struc- 
ture arKf unitary construction. 

It is an object of the present tnventkxi to provide an 
integrated microK^eramic chemk:al plant 

It is another object to provide an integrated mtcro- 
ceramic chemical plant which is less than one thou- 
sandths the size of an average industrial chemical plant 

These objects are achieved in an integrated mrcro- 
ceramic chemical plant having a unitary ceramic body 
formed from multiple ceramic layers in the green state 
which are sintered together comprising: 

(a) the unitary ceramic body defining a mixing 
chamber and passage means for provkling commu- 
nicatton with the mixing chamber so that two or 
more fluids may be delivered to such mixing cham- 
ber for mixing or reacting chemicals in the fluids; 
and 

(b) the unitary ceramic body including means for de- 
livering the mixed or reacted chemicals to exit from 
the unitary ceramic body. 

Integrated micro^ramic chemk^l plants have a 
number of advantages: 

1 . By reducing the dimensksns of the plant it is pos- 
sible to ensure good mixing in a short time without 
the need to introduce turiaulertce. For those Ik^uids 
which require turbulence mixing can also be incor- 
porated in the plant 

2. More efficient thermal control is possible because 
of large surface to volume ratio. Since relatively 
small quantities of chemicals are used in the micro- 
channels at any given time, the risk of chemical ex- 
pk>sion is also reduced. It is also possible to shut 
down the process very quickly. 

3. Catalytic reaction can be enhanced by provxling 
a targe surface to volume ratio by introducfftg reac- 
tants to catalytic surfaces. Additionally, the precise 
geometry of a micro-ceramic chamber or channel 
can be used to control the contact time and the 
chemical reaction process. 

4. The integrated micro-ceramic chemical plants 
help accurate monitcKing of the process in situ fa- 
cilitating process parameters changes. 

5. Scaling up the production process is possible by 
incorporating an array of integrated nticro-ceramic 
chemical plants rather than fficreasing the volume 
of the reactk)n vessels which very often necessi- 
tates the change m process parameters. 

6. The well defined geometry and ceramic materials 
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selection of the integrated micro-ceranitc chemical 
render them an ideal research tool to study chemi- 
cal processes. 

7. Since the integrated rTucro<eramic chemical 
plants are small in size they can be easily and cost- s 
effectively transported from one place to another. 

8. Integrated micro<eraniic chemical plants can 
withstand harsher chemical environment and high- 
er operating temperatures than those made using 
conventional silicon technologies. io 

9. Unlike the conventional silicon technologies, 
three dimensional embedded channels and other 
complicated features can be produced within a ce- 
ramic body using mtcro-motd^g techniques. 

1 0. One of the greatest attributes of integrated mi- is 
cro-ceramic chemical plant is that the emission of 
effluent gases and discharge of toxic chemical by- 
products can be effectively controlled enabling the 
integrated micro-ceramic chemical plant to be envi- 
ronmentally eompatible. so 

Fig. 1 is an exploded perspective of an integrat- 
ed micro<eramic chemical plant in accordance 
with the present invention; 
Fig. 2 is a perspective of the first ceramic layer 
of the unitary ceramic body shown in Fig. 1; 
Fig. 3a is a perspective of the second ceramic 
layer from the top of the unitary ceramic body 
showing mixing channels; 
Fig. 3b is a cross^sectional end view of Fig. 3; 30 
Fig. 4a is a perspective of the third ceramic lay- 
er from the top of the unitary ceramic body 
showing reaction chambers; 
Fig. 4b is a cross-sectional view along the lines 
4A-4A of Fig. 4a; 35 
Fig. 4c is a cross-sectional view along the line 
4B-4BofFig.4a; 

Fig. 5a is a partial perspective of the reaction 
chamber in Rg. 4a and provided with an elec- 
trical stirrer; 40 
Fig. 5b is a partial perspective of the reaction 
chamber in Fig. 4a with embedded helical coil 
for heating; 

Fig. 5c is a perspective of a reaction chamber 
in Rg. 4a showing a ceramic filter; 4S 
Fig. 6 is a perspective of the fourth ceramic lay- 
er from the top of the unitary ceramic body 
showing chambers for analyzing the chemical 
reaction processes; and 

Fig. 7 is a perspective of the fifth ceramic layer so 
residing at the bottom of the unitary ceramic 
body showing chambers for retrieving the prod- 
ucts and also a heat unit for heating the ceramic 
body. 

55 

Referring to Fig 1, a perspective is illustrated of an 
unitary ceramic body 1 0 which includes five different ce- 
ramic layers. The Individual ceramic layers are initialty 



in the green state, but are sintered together to form the 
unitary ceramic body 10. The top ceramic layer 20 of the 
unitary ceramic body 10 has passageways 12 and 14 
on opposite sides of the unitary ceramic body 10. (See 
FIG. 2) The passageways 1 2 and 14 are adapted to re- 
ceive fluids containing chemicals which are to be mixed, 
reacted and analyzed in accordance with the present 
invention. It is to be rtoted that the top ceramic layer 20 
may contain more than two passageways 12 and 14. 
The passageways 1 2 lead directly to the second ceram- 
ic layer 30 which includes mixing chamber 31 and mix- 
ing channels 26. Alternatively, the passageways 14 can 
lead directly to the third ceramic layer 40 in order to by- 
pass the mixing chamber 31 . The third ceramic layer 40 
defines reaction chambers 44. 46. 46. (See Rg. 4a) Re- 
ferring to Fig. 1 again, the fourth ceramic layer 100 in- 
cludes analyzing channels 72 for analyzing the chemical 
process. The bottom or fifth ceramic layer 200 includes 
a discharging channel 60 for discharging the reacted 
product Also embedded heating coils 84 are formed in 
the fifth ceramic layer 200 for heating the unitary ceram- 
ic body 10. It will be understood that the embedded heat- 
ing coils 64 do not neces^rily have to be placed in the 
fifth ceramic layer 200 as long as they heat the entire 
unitary ceramic body 10. 

The present invention involves an oitegrated micro- 
ceramic chemical plant. When the term 'micro' is used 
rt refers to the fact that the features within the chemical 
plant have dimensions of about 1(X) micrometers or 
less. The unitary ceramic body 10 is formed by multiple 
ceramic layers in the green state which are sintered to- 
gether. These layers can typically have dimensions 10 
to 1 00 mm wide. 1 0 to 1 00 mm log, and i to 1 0 mm thick. 

The use of the temn 'green' means that when par- 
ttoulate ceramic powder, preferably mixed with an or- 
ganic binder is subjected to uniform compacting forces 
in onjer to provide an unstntered preform which has uni- 
form density. One partk:ular effective material » a te- 
tragortal zirconia ceramic powder that can be micro- 
molded to form the layer by standard methods such as 
injectksn molding, gel casting, tape casting, dry pressing 
or cold isostatc pressing. Other ceramic materials 
which can be used are ceramk:s such as AlgOa, Zr02. 
AIN. BN. MgO. AlaOg-ZrOg. SiC, Si3N4and other oxide 
and non-oxide ceramics and their composites thereof. 

The features within each layer such as chambers, 
chanriels and passageways can be formed as follows: 

(a) features like feed-through, through-holes, mix- 
hg chambers and reactkxi chamt>er8 can be 
formed in each layer in the green stage by incorpo- 
rating those features in the moM. Approximately, 
20% to 50% larger features must be made to ac- 
count for shrinkage during sintering. The amount of 
shrinkage depends on the relative amount of organ- 
ic binders in the ceramic mixture. Typically. 2% to 
5% by weight organic binders are added for com- 
paction processes such as cold isostatic pressing 
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and dry pressing. On the other hand. 10% to 40% 
by weight organic binders are added for compaction 
processes such as gel casting, tape casting and in- 
jection molding. 

(b) features like embedded helical coils and heating 
colts can e formed by placing sacriftcial members 
comprising organic polymers which are burned 
away during the sintering process. 

(c) features like microchannels can be formed by 
embedding sacrificial member which bum away 
during sintering or can be incorporated in the mold- 
ing toots. 

During the sintering process the green ceramic layers 
shrink. Provision must be made to compensate for this 
shrinkage. 

Referring to Fig. 2, a perspective illustrates a top 
ceramic layer 20 including passageways 12 and 14 ar- 
ranged in two (Afferent rows. A plurality of passageways 

12 forming a row are placed directly on through-hotes 

13 and a plurality of passageways 14 forming another 
row are placed directly on through-holes 15. A row of 
through-holes 15 (for clarity of illustratksn, only two are 
shown) are connected to a row of through-holes 29 in 
the mixing chamber (second ceramic layer 30) and 
feeds into the distributing chambers 43 whwh are con- 
nected to a distributing manifold 4da which are connM- 
ed to the reaction chambers 44. 46, 48. The passage- 
ways 1 2 and 1 4 can be made by extruding ceramic pow- 
der compounded with organic binders. The lop ceramic 
layer 20 containing the through-holes 1 3 and 1 5 can be 
fabrcated by dry pressing ceramic powder The top ce- 
ramic layer 20 and the passageways 1 2 and 1 4 can be 
sintered separately or at the same time, whereby the 
passageways 1 2 and 1 4 will be bonded onto the top ce- 
ramk: layer 20 during sintering. If the top ceramic layer 
20 and the passageways 12 and 14 forming structures 
are sintered separately they can be brazed or epoxy 
bonded later 

In Fig. 3a. a perspective is illustrated of the secorxi 
ceramic layer 30 whch contains mixing chamber 31 for 
receiving fiukls containing the chemicals from the top 
ceramic layer 20. A plurality of channels 24 exiting from 
the mixing (^lamber 31 merge and form a single mixing 
channel 26 which can be configured to have straight, 
serpentine, complex, wavy and angular forms or 
shapes. A row of through-holes 29 (but only two are 
shown) are arranged in the second ceramc layer 30 to 
communicate with the passageway 1 4 in the top ceram- 
ic layer 20. The mixing channel 26 leads to a through- 
hole 28 which merges into the third ceramic layer 40. 
Fig. 3b represents a sectional end view of the second 
ceramic layer 30 in which mixing channel 26 is config- 
ured to have circular shape. The mixing dnamber 3 1 can 
be of rectangular, oval, circular or any convenient 
shape. The through-hole 28 is directly connected to a 
distributing chamt>er 42 in the third ceramic layer 40. 

Referring to Fig. 4a, a perspective is shown of the 



reaction chambers 44, 46. 48 of the unitary ceramic 
body 10. The third ceramk; layer 40 Includes a plurality 
of communicating fluid channels 45 and 47 and a dis- 
tributing manifold 46a. The through-hole 28 feeds the 

5 fluids containing chemicals to the distributing chamber 
42 from where it is distributed to reaction chambers 44, 
46 and 48. Additional fluids coritainrng chemicals whch 
do not require to be mixed in the mixing channel 26 can 
be fed directly to the distributing chamber 43. The reac- 

10 tkxi chambers 44, 46, 48 can be individually equipped 
with heaters, stirrers or filters as will be described later 
The chemicals from the dstributing chamber 43 are dis- 
tributed individually or combined through the distributing 
mantfoki 48a to the reactkxi chambers 44. 46. 48. The 

IS chemicals can be delivered to the reaction chambers 44, 
46, 48 sepevatety or sequentially as the processing de- 
mands. For separate distributbn to the reaction cham- 
bers 44, 46, 48 one or two way valves can be incorpo- 
rated in the ^annels 45. Alternatively, the chemicals 

20 can bypass the reactk>n chambers 44. 46, 48 and be fed 
directly to a temporary holding tank 50 via a channel 47. 
The reaction chambers 44, 46, 48 include the feed- 
through holes 52 and 54 for inserting thermocouples 
and stirrers, respectively. The holdffig tank 50 hdudes 

ss a feed^rough hole 56 irito which a thermocouple can 
be inserted. Alternatively, a flow interrupter can also be 
inserted through a hole 57 for holding the fluid in that 
chamber Figs. 4b and 4c are cross-sectional end views 
along the lines 4A-4A and 4B-4B respectively of Fig. 4a. 

30 The fourth ceramic layer 100 which in communicatnn 
with the hoteling tank 50 can either be fully or partially 
exposed to the next chamber Also, as shown in Fig. 4c 
in the bottom of the hokjing tank 50 there is provkled a 
through-hole 57 which can be opened or closed manu- 

3S ally or automatically as desired. 

Referring to Fig. 5a. a partial perspective is shown 
of the reactk>n chamber It is to be noted that the reaction 
chambers 44, 46 and 48 can have circular, rectangular, 
square, oval or any desirable geometric shapes. A feed- 

40 through hole is provided on one side of the reaction 
chamber 48 to insert an electrically operated stirrer for 
mixing reactants with turbulent motkxi. The stirrer 61 
can be constructed from stainless steel having collaps- 
ible blades 59 made from plastic or stainless steel. 

^ Ref emng to Fig. 5b, a partial perspective is shown 
of the reaction chamber 44 havhg an embedded hefical 
coil structure 63 which can be connected to an external 
power supply (not shown) through the electrically con- 
ductive pad 60 for heating the reaction chamber 44. 

so There is also provided a feed-through hole 52 for insert- 
ing thermocouples or other analytical devices to nr)on(tor 
the chemical reactk)n process. The construction of the 
embedded helical coU structure 63 is achieved by mold- 
ing the green ceramic with a sacrificial plastic coil or coils 

ss made from refractory metals such as W, Ta and Ma 
Plastic sacrificial coil bum off during sintering in air Re- 
fractory metal sacriflctal coils are etched away with 
NaOH or ammonium hydroxide after the ceramic plant 
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has been sintered. 

. Referring to Fig. 5c, a perspective is shown of the 
reaction chamber 46 being formed with compartments 
comprisingafitter 62 which is also made from a selected 
ceramic and formed as an integral part of the unitary 
ceramic body 10. A through-hole 64 is provided at the 
bottom of the reaction chamber 46 to retrieve the solid 
precipitates. The through-hole 64 can be continuous 
through the successive layers to the fifth ceramic layer 
200. Another fit through hole 66 is provk^ed in the cham- 
ber to insert thermocouples and their connecting wires. 
It is to be noted each reactksn chamber 44. 46 and 48 
can be formed with compartments comprising one or 
more than one filters as an integral part of the unitary 
ceramic body 10. ' 

Referring to Fig. 6, a perspective is shown of the 
analyzing chamber 100 of the unitary ceramic body 10. 
A hokling tank 70 is strategically placed under the hold- 
ing tank 50 (Fig. 4a) of the third ceramte layer 40. The 
holding tank 50 feeds the analyzing channels 72 which 
are provkjed with teed-through holes 74, 76 on both sKle 
of the fourth ceramic layer 100. Analytkat tools such as 
mass and opttcat spectroscopy can be provkjed and 
communicate with the externr of the unitary ceramic 
txxly 10 via fitter optic transmission. At the other end of 
the diannets away from the hokling tank 70 are located 
through-holes 78 to deliver the chemicals to the fifth ce- 
ramic layer 200. 

Referring to Fig. 7, a perspective is shown of the 
fifth ceramic layer 200 including discharging channels 
80 for receiving chemicals through holes 78 to finally to 
the distribution vessels through a passageway 62. The 
fifth ceramic layer 200 is also provkded with integrated 
heating elements having embedded heating coils 84 in 
order to heat the unitary ceramic body 10. The embed- 
ded heating coils 84 can be made from ceramic materi- 
als such as MoSi2. T1B2 and ZrBj. The electrical leads 
86 for the embedded heating coils 84 are located at the 
side of the fifth ceramic layer 200 and are an integ^l 
part of it In order to monitor and control the temperature, 
a feed-through hole 90 is provMed whch protrudes at 
an angle from outskie to the surface of the fifth ceramic 
layer 200. 

The inventton has been described in detail with par- 
tk:ular reference to certain prefen^ed embodiments 
thereof, but it will be understood that variations and 
modificatk)hs can be effected within thespirit and scope 
of the invention. 



1 . An integrated micro^ramk: chemkrai plant having 
a unitary ceramic body formed from multiple ceranv 
K layers in the green state which are sintered to- 

45 gether comprising: 

_ (a) the unitary ceramk: body defining a mixing 
chamber and passage means for provkling 
communication with the mixing chamber so that 
two or more fluids may be delivered to such 
mixing chamber for mixing or reacting chemi- 
cals In the fluids; and 

(b) the unitary ceramic body including means 
for delivering the mixed chemicals to exit from 
the unitary ceramic body. 

2. The integrated micro-ceramic chemical plant of 
claim 1 wherein the unitary ceramic t>ody defines 
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10 unitary ceramic body 

12 passageways 

13 through-holes 

14 passageways ^ 

15 through-holes 
20 top ceramic layer 
24 channels 
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another chamber tor use in anatyzing the mixed 
chemicals. 

3. An integrated micro-ceramic chemical plant havng 

a unitary ceramic body formed from multiple ceram- s 
Ic layers in the green state which are sintered to- 
gether compr^ing: 

(a) the unitary ceramic body defining a reaction 
chamber and passage means for providing io 
communication with the reaction chamber so 
that two or more fluids may be delivered to such 
reaction cfiamber for reacting chemicals in the 
fluids; and 

(b) the unitary ceramic body including means i^ 
for delivering the reacted chemicals to exit from 
the unitary ceramic body. 

4. The integrated micro-ceramic chemical plant of 
claim 1 wherein the unitary ceramic body defines 20 
another chamber for use in analyzing the mixed or 
reacted chemicals. 



layer anatyzing chamber for use in analyzing 
the result of the chemical reactbns. 

7. The integrated micro-ceramic chemical plant of 
cl£um 6 further including a fifth ceramic layer resid- 
ing at the bottom portion of the said unitary ceramic 
body and deflning means for delivering the mixed 
or reacted chemicals to exit from the unitary ceram- 
ic body. 

6. The integrated micro-ceramic chemical plant d 
claim 6 further inctudtng a heating unit di^sosad in 
the unitary ceramic body for heating such unitary 
ceramic body. 

9. The integrated micro-ceramic chemical plant of 
claim 7 wherein the second, third, fourth and fifth 
ceramic layers include capillaries or channels of cir- 
cular cross-section. 



5. An integrated micro-ceramic chemical plant having 
a multiple layer unitary ceramic body formed from 2S 
at least four ceramic layers in the green state which 
are sintered together comprising: 



(a) the first ceramic layer being formed with 
passageways for dispensing at least two fluids 3o 
containing chemicals; 

(b) the second ceramic layer including a second 
layer mixing chamber being in communication 
with passageways for mixing the fluids contain- 
ing chemicals; 3S 

(c) the third ceramic layer including a third layer 
reaction chamber for reacting the chemicals in 
the fluids; and 

(d) the fourth ceramic layer including a fourth 
layer analyzing chamber for use in analyzing 40 
the result of the chemical reactions. 

6w An integrated micro-ceramic chemical plant having 
a multiple layer unitary ceramic body formed from 
at least four ceramic layers in the green state which 
are sintered together comprising: 

(a) the first ceramic layer being formed with 
passageways for dispensing at least two fluids 
containing chemicals; so 

(b) the second ceramic layer including a second 
layer mixing chamber being in communication 
with passageways for mixBig the fluids contain- 
ing chemicals; 

(c) the third ceramic layer including a third layer ^ 
reaction chamber for reacting the chemicals k\ 
the fluids; artd 

(d) the fourth ceramic tayer including a fourth 
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(54) Integrated ceramic mIcro-chemical plant 

(57) An integrated micro-ceramic chemical plant 
having a unitary ceramic body (10) formed from multiple 
ceramic layers (20,30,40,100,200) in the green state 
which are sintered together including the unitary ceram- 
ic body (10) defining a mixing chamber and passage 
means for providing communication with the mixing 
chamber (31 ) so that two or more fluids may be deliv- 
ered to such mixing chamber (31 ) for mixing or reacting 
chemicals in the fluids; and the unitary ceramic body 
(1 0) including means (32) tor delivering the mixed chem- 
icals to exit from the unitary ceramic body (10). 
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